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Abstract 
Design charts are presented which give correction fac- 
tors to account for the nonlinear variation of downwash 
gradient induced by a canard across the span of the 
main wing. The correction factors are derived using 
the vortex lattice computational method to calculate 
the induced velocities behind the canard. Data are pre- 
sented for a variety of relative positions and canard ge- 
ometry. The method is valid for incompressible flow 
and for geometries where the canard wake does not im- 
pinge on the main wing. Comparisons with existing 
methods and results for canard/wing combinations in- 
dicate the method is accurate enough for conceptual 
and preliminary phases of the design of airplanes with 
canards. 
Nomenclature 
A R  Aspect ratio 
b Span 
C Chord 
C L  Lift Coefficient 
CWl Pitching Moment Coefficient 
ka Span Ratio Correction Factor 
S Area 
v L M Vortex Lattice Method 
X Longitudinal distance from quarter-chord 
Y Lateral distance from plane of symmetry 
z Vertical distance from wing plane 
OI Angle of attack 
E Downwash angle 
x Taper ratio 
A Sweep angle 
Subscripts: 
ac Aerodynamic center 
C Canard 
h Horizontal tail 
ref Reference 
*Lecturer; Senior Member, AIAA. 
Copyright 01992 by the American Institute of Aeronautics and 
Astronautics, hc. All rights reserved. 
W Wing 
wc Wing and canard 
Introduction 
In the conceptual and preliminary phases of airplane 
design, aerodynamic forces and moments are often pre- 
dicted using the “component build-up” method (see 
Roskam [l]). In this procedure, the total aerodynamic 
force or moment is approximated by the sum of contri- 
butions from the individual airplane components. For 
a conventional configuration with an aft tail, the lift 
curve slope, CL*, of the wing-tail combination can be 
tions: 
represented as the sum of the wing and tail contribu- W 
where it is seen that one must account for the tail plan- 
form area when adding the tail lift curve slope. 
In general, however, the presence of one component 
will interfere with another. Then direct linear super- 
position will not give the correct result. In the case of 
the airplane lift coefficient, the wing will influence the 
tail because the wing generates a wake. One dominant 
effect of the wake is the downwash field, shown in Fig- 
ure 1. The usual way to account for the downwash is to 
compute the average downwash at  the location of the 
tail. Then equation 1 is modified to include the effect 
of the downwash field: 
The average downwash gradient, 2 ,  reduces the local 
angle of attack at  the tail. The result is that the tail 
effectiveness is reduced, often by as much as 30% to 
50%. In principle, the horizontal tail will influence the 
wing as well. However, in practice this effect is very 
small and is neglected. 
cient is similar, including the treatment of the down- 
wash terms. The accurate prediction of the average 
The prediction of the total pitching moment coefii-i/ 
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Figure 1: Downwash Field due to the Wing at  the IIorizontal Tail. 
downwash gradient is very important in the determina- 
tion of the longitudinal stability of a proposed airplane 
configuration. 
wing is the same as the influence of the wing on the ca- 
nard with the flow reversed. This procedure transforms 
a canard configuration into a conventional tail-aft con- - - 
figuration. This method, however, would he difficult to 
use when the wing is swept aft, which is a fairly com- 
mon aspect of pure canard configurations. Then the 
downwash field of a wing with forward sweep must he 
calculated, for which there is no available method. 
It is desired to treat the effects of canard downwash 
, in a manner similar to that for a horizontal tail. Then 
the component build-up technique will still be usable. 
The question then is: "What is the efiecective downwash 
gradient a t  the main wing?" The most straightformard 
approach is simply to use the average value. 
The downwash field behind a wing, and methods 
for accounting for the effects on a wing in that field, 
are documented in several references. These include 
Roskam [l], Silverstein [2, 31, the DATCOM 141, and 
Phillips [5]. However, these references emphasize the 
case where an aft tail has a much smaller span than 
the main wing. The influence of the wing on the tail is 
calculated by first estimating the downwash gradient in 
the plane of symmetry at  the longitudinal and vertical 
location of the tail, and then correcting for the span- 
wise variation across the tail. The data in Roskam [l] 
v 
and Silverstein [21 are limited to a span ratio, b h / b , ,  This paper presents design charts for the determina- 
less than 0.4, In this cme the spanwise variation of tion Of average downwash gradients for canard config- 
urations including the effects of relative position, span the downwash gradient is relatively small (as shown in 
Figure 1). ratio, area ratio, and aft wing sweep. Example appli- 
cations are shown, and comparisons are made to com- 
In the c a e  of a canard, where the forward wing has putational results for wing-canard configurations. A 
a smaller span than the aft wing, the spanwise varia- primary goal is to present the data in a format that is 
tion of the downwash gradient a t  the aft wing is quite easy to use and accurate enough for the conceptual and 
significant. This is shown in Figure 2. Most of the preliminary phases of airplane design. 
above references do not present methods to account 
for this nonlinear variation across the span. There is 
a rather cumbersome method in the DATCOM which Method Description 
is to he used for canard configurations, hut it is pri- 
marily aimed a t  configurations which have low aspect The Vortex Lattice Method, or VLM, (see Katz and 
ratios, and where body effects are significant. A sim- Plotkin [SI) is used to solve for the flow field of each 
pler method is used by Phillips [6], where the reverse case under consideration. The use of distributions of 
flow theorem from linearized compressible flow theory horseshoe and ring vortices is widely accepted as a rea- 
(see Ursell and Ward [7]) is applied. The reverse flow sonahly accurate model of the inviscid flow past a wing. 
theorem states that for two lifting surfaces, such as a I t  is fairly easy to use and the computations can be per- 
canard and a wing, the influence of the canard on the formed on modern workstation computers. 
W 
2 
Figure 2 :  Downwash Field due to the Canard at  the Wing 
In the particular implementation used here, each lift- 
ing surface is represented as a flat plate divided into 
many panels. A ring vortex is placed at  each panel 
except those at the trailing edge. Here a horseshoe 
vortex is placed with the trailing filaments extending 
downstream to infinity. This is necessary to enforce 
the Kutta condition. 
The leading edge of each vortex lies along the 
quarter-chord line of the corresponding panel. The 
strength of each vortex filament is determined by en- 
forcing boundary conditions of zero normal velocity at 
the midpoint of the three-quarter chord line of each 
panel. 
propriate format for presentation of the data can be 
constructed. 
Due to  the use of inviscid vortices to model the flow, 
certain limitations of the methodology warrant discus- 
sion. First, the velocity induced by a potential vortex 
is singular at  points on the vortex. Therefore the ve- 
locity calculated at  a point very near a vortex will be 
in error. Second, it is not possible to include the ef- 
fects of a viscous wake. Third, the results include only 
canard-wing interactions. The presence of a fuselage is 
not accounted for. Some of these areas will be discussed 
further in later sections of this paper. 
Baseline Comparisons To improve the accuracy of the solution, the loca- tions of the trailing filaments are found in an iterative - 
fashion. Initially, the trailing filaments extend to infin- 
ity at  an angle corresponding to the freestream angle of 
attack. With the solution found by this representation 
of the wake, the locations of the trailing filaments are 
relaxed, so that they follow the local streamlines. The 
solution is then recalculated with the new wake geom- 
etry. In practice, it is found that only one or two re- 
laxation steps are necessary to obtain an accurate wake 
representation. A typical example of the grid and wake 
are shown in Figure 3. 
With this software, the vorticity distribution may be 
calculated for a wing of arbitrary aspect ratio, taper 
ratio, and sweep angle. Once the vorticity distribu- 
tion is known, the vortex induced velocity, and there- 
fore the local downwash angle, can be calculated. Since 
the solution for a single case is completed in approxi- 
mately ten minutes, it is possible to investigate a wide 
variety of planform geometries. With a systematic ap- 
proach, trends in important variables can be identified. 
Once the principal effects have been identified, an ap- 
Before proceeding, it is worthwhile to check the perfor- 
mance of the VLM method as currently implemented. 
As a first check, the lift curve slope for an isolated, 
straight tapered wing can be computed. The empiri- 
cal method recommended by the DATCOM [4] is the 
Polhamus formula. For incompressible flow and assnm- 
ing a two-dimensional airfoil lift curve slope of 2 b  per 
radian: 
, R a d - ' .  (3) 2nA CL* = 
2 + A2(1 + tan2 Ae12) + 4 
Values for a range of aspect ratio, taper ratio, and quar- 
ter chord sweep angle is shown in Table 1. The agree- 
ment is very good with an average magnitude difference 
of 2.8%. There is a small dependence on the taper ra- 
tio in the VLM results, which is not predicted by the 
Polhamus formula. W 
Next, it is possible to compare the downwash gradi- 
ent predicted at  the plane of symmetry. This is accom- 
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Figure 3: Example of 10x15 Grid for Wing With AR = 6, X = 0.50, ACl4 = 0"; After Two Wake Relaxation 
Steps 
12 1 30' I ,0822 I ,0783 I .0804 I ,0806 
Table 1: Lift Curve Slope (in deg-') Comparison for 
Straight Tapered Wings. 
plished by computing the downwash angles for an angle 
of attack of 5 degrees. Since there is no airfoil camber, 
the downwash gradient is simply the ratio of the down- 
wash angle to the angle of attack. This assumes the 
gradient is linear for this angle of attack range. Calcu- 
lations for an aspect ratio of 9 and a taper ratio of 0.2 
is shown in Figure 4. 
The data from Roskam [l] is derived from the ex- 
perimental data in Silverstein and Katzoff [2], and the 
empirical method is from the DATCOM [4]. There are 
significant differences between all three methods for the 
cases shown. The DATCOM method predicts some- 
AR=9, X=0.20, As,, = 0' 
- None VLM 0.0 
0.1 0 Roskam[l] --- 
0 DATCOM[~] ---- 0.2 
d r l d a  
0.50 1.00 1 




what lower values for d c / d o  than either the VLM re- 
sults or the data from Roskam. Also, the change due 
to vertical position given by the DATCOM is much 
smaller. 
The difference which is perhaps most significant is 
that the curves given by VLM for r / ( b / 2 )  = 0.0 and 0.1 
Figure 4: Comparison of  ownw wash Gradient at  
the Plane of Symmetry Given by the Vortex Lattice 
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Figure 5: Correction to d r l d a  in the Plane of Symmetry due to Variation Across the Span 
cross at x / ( b / 2 )  = 1.25. Neither of the other two meth- 
ods predict this behavior. However, this phenomenon is 
easily explained when it is realized that the downwash 
gradient will be at a maximum at a point approximately 
on the vortex sheet. The sheet is curved, so the precise 
location of that  maximum point is not easily defined. 
I t  can be stated that the maximum will he at  a point 
between the chord plane and a plane aligned with the 
freestream angle of attack which intersects the trailing 
edge. 
Since the vertical distance is defined relative to the 
chord plane, it is expected that the cnrves for 2 / ( 6 / 2 )  = 
0.0 and 0.1 will cross at  the longitudinal station where 
the maximum gradient is located at r / ( b / 2 )  = 0.05. It 
would seem that the experimental and empirical meth- 
ods give data defined relative to the vortex sheet rather 
than the chord plane, but the references indicate that 
the vertical coordinate is defined relative to the chord 
plane. 
As a third and final check, the factor to correct for 
spanwise variation in downwash gradient across the tail 
can be computed. The correction factor is simply the 
ratio of the average downwash gradient across the span 
of the tail to the value at  the plane of symmetry. This 
is shown in Figure 5, along with data from Silverstein 
and Katzoff [ 2 ] .  The reference data  are derived in a 
manner similar to the present method. 
The reference data  are for a tail location correspond- 
ing to 0.75 semispan, while data  for the present method 
is for 0.80 semispan, which is the closest available lo- 
cation. The vertical location of the reference data is 
“on the vortex sheet.” It  is seen that there is a strong 
dependence on vertical location. 
AR=S, k 0 . 5 0 ,  z / ( b / 2 ) = 0 . 4 0  
0.00 0.80 1.60 2.40  3 . 2 0  4 . 0 0  
Y / ( b / 2 )  
Figure 6: Variation in Local Downwash Gradient in 
Spanwise Direction. 
Presentation of Data 
An example of the variation of local downwash in the 
spanwise direction is shown in Figure 6. As expected, 
the magnitude of the downwash gradient decreases as 
the spanwise station progresses to the wingtip. Out- 
board of the wingtip, upwash is produced, and eventu- 
ally the magnitude decreases back towards zero as the 
spanwise station becomes very large. 
These data are only useful as a confirmation of the 
trends in downwash with spanwise location; they are 
not appropriate for use in the component build-up 
method. The format chosen here for the design charts i s w  
similar to that in Silverstein and Katzoff [ 2 ] .  In general, 
the average downwash gradient is given as the value at 
5 
the plane of symmetry multiplied by a correction factor 
which is dependent on the ratio of the wing span to the 
canard span: 
(4) 
The downwash gradients at the plane of symmetry 
are presented as contour plots, where lines of constant 
&/de are shown in the x-z plane. Results are pre- 
sented for aspect ratio 6, 9, and 12; taper ratio of 1.0, 
0.50, and 0.20; and quarter-chord sweep angles of 0 and 
30 degrees in Figures 9-11. 
The correction factor due to the variation in down- 
wash gradient in the spanwise direction is presented 
next, The Same ranges of aspect ratio, taper ratio and 
sweep angle are given. Results for these data ranges 
are given for longitudinal stations of x / ( b / 2 )  = 3, 1.0 
and 2.0, in pigures 12-20, ln a few for x / ( b / 2 )  
= 2.0 and r / (b /2 )  = 0.2, the correction curves exhibit sented in terms o f t h e  Parameter e, where: 
behavior somewhat different from the others. In these 
the data are for locations too close to the vor- 
tex sheet. Here the data are less accurate because the 
- -  de' - 0.05 (from [l]) , da 
The average downwash at  the wing is the value at  the 
plane of symmetry, %I,=, = 0.27 from Figure 9, 
multiplied by the correction due to spanwise variation, 
lea = 0.28 interpolated from Figures 13 and 14: 
dew v -=  
da 
( 6 )  _.- dew 0.28 x 0.27 = 0.924. 
C L ~ ~ ~  = ,0937 deg-' . 
da 
Substitution into equation 5 gives: 
(7) 
Also of interest is the lift curve slope with no correction 
is computed to be .0988 deg-'. 
dr - dr due to interference (i'e. - 2 = which 
The pitching moment characteristics are usually pre- 
- 
(8) 
dCm _-  Cm, . - Xmf - l a c  . -- cases - dCL CL- 
The ' ' notation denotes distance as a fraction of the 
wing mean geometric chord. The location of the aero- 
dynamic center with the influence of downwash at the 
wing due to  the canard and upwash at the canard due 
vortex filaments use an inviscid model and the induced 
velocities are unrealistically large. To obtain data in 
these locations it is better to interpolate between data 
at other locations. 
Method of Application to the wing can he determined in a manner similar to that in Roskam 111. The formula for the aerodynamic .. v 
a test case, the lift curve for a wing-canard config- center location is presented here without proof: 
uration can be calculated. The test case chosen is for %fi l+% wing and canard aspect ratios and taper ratios equal 
to 6 and 0.50, respectively, and for a wing location of 
G" + c s ,  X a c ,  
- . (9) - xoe", - 1.5 canard semispans behind and 0.6 canard semispans 
above the canard root quarter-chord position. These 
distances are measured in and normal to the canard 
root chord plane. F~~ canards with cambered airfoil 
sections, the distances should be relative to the canard 
root zero lzfl plane. 
The equation for the lift curve slope is similar to 
All quantities have been calculated except for the aero- 
dynamic center locations of the wing and canard. For 
this geometry, the nondimensional distances relative to 
the wing mean geometric chord leading edge are 
equation 2: 
v 
(5) The lift and pitching moment lines are shown in Fig- 
It is seen that the influence upwash at the canard due ure 7 compared with VLM results for the same configu- 
to the wing is Now, ( l -  %) is inter- ration, and with the prediction without any correction 
preted as the effective, or average value. The lift curve for downwash. The agreement between the VLM re. 
is constructed by integrating the the slope, assuming sults and the results with downwash included is very 
that CL at a = 0 is zero because both wing and canard good. It is seen that the downwash reduces the lift by 
have zero camber. For this case: 5.4%. The difference between the lift curve slopes pre- 
dicted by the present method and the VLM is 5.9%. 
The VLM predicts slightly lower values of lift, but re- 
call from Table 1 that the lift for the isolated wing is 
also low. If the slope predicted by the Polhamus for- 
mula is lowered to correspond with the slope predicted 
by the VLM, then the difference drops to  2.5%. This 
CL-," = .0790deg-' 
CL-= = .0790deg-' 
- 0.25 S C  
s w  
- -  
6 
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Figure 7: Predicted Lift and Pitching Moment Curves for a Wing-Canard Configuration With and Without 
Downwash Correction, Compared with Vortex Lattice Method Results, Ae/4, = 0'. 
Without Correction 
- I X.C."? I 
-0.184 -.192 
I Ac,4w = 0' I Ac/qw = 30" 
I With Correction I -0.230 I -.239 
Table 2: Wing-Canard Aerodynamic Center Location, 
in % E , ,  Relative to the Wing Mean Geometric Chord 
Leading Edge. 
remainingerror is attributed to the changes in spanwise 
lift distribution on the wing. 
The pitching moment data shown are referenced to a 
point 0.35CW ahead of the wing mean geometric chord 
leading edge. The data shown do not seem to agree 
well, however it must be realized that the relative error 
is dependent on the location of the reference point cho- 
sen. The static margin for a center of gravity located at  
this reference point is approximately 12%, so a differ- 
ence of just a few percent in the predicted aerodynamic 
center location will have a large relative effect. It is 
better to  compare the aerodynamic center location di- 
rectly, as shown in Table 2. The effect of the downwash 
and upwash correction is to  move the aerodynamic cen- 
ter aft 4.6%. The VLM still predicts a location 4.5% 
further aft than the corrected value. 
While the lift curve is linear it is seen that the 
pitching moment curve predicted by the VLM exhibits 
slightly nonlinear behavior. As the angle of attack in- 
creases, the wake of the canard moves closer to the 
wing. In all cases, for this location of the wing relative 
to the canard, the wake passes safely below the wing. 
However, as the wake moves closer to the wing, its in- 
fluence becomes stronger and a slightly less negative 
pitching moment results. The present method neglects 
the change in wake position with angle of attack. All 
the data shown in the Figures 9-20 are calculated for 
an angle of attack of five degrees. 
As a second application, a case where the wing is 
swept hack is considered. This is fairly common for 
canard-wing configurations with pusher engine instal- 
lations. Sweeping the wing aft is then usually the best 
way to satisfy longitudinal stability requirements (i.e. 
move the airplane aerodynamic center aft). The geom- 
etry chosen is very similar to the first case except that 
the wing sweep angle at the quarter-chord is 15 degrees. 
In this case, it is recommended that the horizontal dis- 
tance be measured to the aerodynamic center of the 
wing. It is recognized that if an average downwash is 
to be used, it would be proper to average it along the 
wing quarter-chord line. The spanwise correction data 
contained in this paper are averaged along lines parallel 
to the y axis. If these data are used directly, then two 
effects are ignored: (1) the variation in downwash and 
upwash with longitudinal position and (2) the moment 
which is generated by the downwash on the inboard por- 
tion of the wing which is ahead of the wing ax. coupled 
with the upwash on the outboard portion of the wing, 
which is aft of the a.c. I t  is assumed that the wing a.c. 
location is the proper position to use to compute an 
average net downwash. 
The relative position of the wing and canard is set so 
that the vertical and horizontal distances to the wing'/ 
a.c. are the same as in the previous example. All pa- 
rameters in equations 5 and 9 remain unchanged with 
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Figure 8: Predicted Lift and Pitching Moment Curves for a Wing-Canard Configuration With and Without 
Downwash Correction, Compared with Vortex Lattice Method Results, Acj4, = 15”. 
the exception of the wing lift curve slope: stability requirements can he better predicted by ac- 
counting for mutual interference effects. 
C L ~ ~  = .0772deg-‘. 
The result now is C L , ~ ~  = ,0921 deg-’ with downwash References 
corrections and 
wing-canard aerodynamic center locations are shown in 
Table 2 and the lift and pitching moment characteristics 
are shown in Figure 8. 
= ,0970 deg-’ uncorrected. The [l] J. Roskam, Airplane Flight Dyanmics and Auto- 
mafic  Flight Controls. Roskam Aviation and En- 
gineering Corporation, Ottawa, Kansas, 1979. 
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It is seen tha t the  lift is still fairly well predicted com- 
pared to the VLM results. The agreement between the 
aerodynamic center locations has improved somewhat. 
This is due to the moment generated on the wing, de- 
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scribed above, due to  the wing sweep. The net result 
is an estimated aerodynamic center location slightly too 
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Design charts are presented which may be used to ac- 
count for the effects of downwash on a wing due to a 
canard. The data are valid only for incompressible flow, 
hut a wide range of planform parameters and geometric 
combinations are given. The data will not be accurate 
[6] J.  D. Phillips, “Approximate neutral point of a sub- 
sonic canard aircraft.” NASA TM-86694. 1985. . 
for cases where the canard wake impinges directly on 
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Greater accuracy can be obtained if the vortex rems in the linearized theory of compressible flow,” 
Quad. J .  Of Mechanics and Math., ‘O1. 3, 
no. 3, lg50. 
[8] J .  Katz and A. Plotkin, Low-Speed Aerodynamics: 
F~~~ wing T ~ ~ O T ~  to PaneIMefhods. McGraw-Hill, 
modeling includes viscous effects. The data would then 
he valid for cases where the canard wake passes more 
closely to the wing. 
The present data are accurate enough to be used in 
conceptual and preliminary design studies. The pre- 1991, 
diction of the required canard size to satisfy lift and 
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Figure 11: Downwash Gradient in the Plane of Symmetry, AR = 12. 
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Figure 14: Correction Factor due to Spanwise Variation, AR = 6,  z / ( b / 2 )  = 2.00. 
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Figure 15: Correction Factor due to Spanwise Variation, A R  = 9,  z / ( b / 2 )  = 0.50 
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Figure 16: Correction Factor due to Spanwise Variation, AR = 9, z / ( b / 2 )  = 1.00. 
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Figure 17: Correction Factor due to Spanwise Variation, AR = 9, z / ( b / 2 )  = 2.00. v 
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Figure 18: Correction Factor due to Spanwise Variation, AR = 12, z / ( b / 2 )  = 0.50. 
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Figure 20: Correction Factor due to Spanwise Variation, AR = 12, z / ( b / 2 )  = 2.00. 
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